A spiropyran photoswitch is activated using UV light and protons from a form that shows no interaction with DNA to a form that binds to DNA by intercalation. This scheme is interpreted as a biologically relevant logic AND gate with potential applications as a dually controlled anticancer drug.
Shabat, and Aida have used the logic response from molecules to trigger the activation and the release of (encapsulated) drugs. [17] [18] [19] Dually controlled drug-activation is of specific interest, as it would lead to a better spatiotemporal control and increase the selectivity even further. Ozlem and Akkaya recently described a BODIPY derivative designed for dually controlled photodynamic therapy, using the logic AND gate as the template. 15 H + and Na + ions served as the inputs, whereas efficient generation of toxic singlet oxygen represented the output. The inspiration for the study is the fact that the concentration of both H + and Na + is drastically increased in cancerous tissue. [20] [21] [22] Another frequently used method for anticancer treatment is to use a drug that binds very strongly to DNA. 23 In this way, proliferation is inhibited, and the cells die. The downside with this approach is the very low discrimination between cancer cells and normal cells, leading to severe side effects. Therefore, controlling the DNA-binding action using external and/or internal stimuli would be of tremendous utility. 24 Previous activities in our laboratory have focused on activation of spiropyran (SP) photoswitches using UV light as the only stimulus. 25 Here, we report a photochromic SP derivative that is activated by the combined application of UV light together with H + from a form that does not display any DNA-binding properties to a form that binds to DNA by intercalation. Thus, it is interpreted as a biologically relevant AND logic gate driven by UV light and H + as inputs and DNA-binding (potential cytotoxicity) as output. H + could be considered as an internal, or sensory, input and the choice is motivated by the fact that the pH value in cancer cells is significantly lower compared to healthy cells, 21, 22 whereas the UV light is an externally controlled input.
Scheme 1 shows the structures and the isomerization scheme of SP 1 used in this study. + is stimulated by acidification of 1o (pK a = 4.5), and the reaction is reversed by addition of base. 1oH + may also be formed from 1c in acidic environment, although at a much slower rate compared to the thermal opening. Thus, this process does not contribute significantly to the formation of 1oH + . Furthermore, there is no thermal conversion from 1oH + to 1c, although the same process is photoinduced by visible light exposure. As shown in Fig. 1 , 1c (blue line) absorbs exclusively in the UV region with absorption maxima at 238 and 286 nm. 1o (red line) and 1oH + (green line) display absorption also in the visible region with the most intense peaks at 515 and 416 nm, respectively.
DNA-binding typically manifests itself in changes in the absorption spectrum of the interacting molecule. The absorption spectra of 1c with and without the addition of calf thymus The similarity between the spectra with and without added DNA, however, indicates that no substantial DNA-binding occurs. The same set of measurements were performed also at pH 6, 27 equivalent to the addition of H + , and the results are shown in Fig. 2c and d. From Fig. 2c it is clearly seen that 1c (no UV) does not interact significantly with DNA. In sharp contrast, the spectral changes upon addition of DNA after UV irradiation are dramatic, as illustrated in Fig. 2d . The spectrum after addition of DNA has experienced a ca. 50% decrease at wavelengths longer than 500 nm, where 1o is the only absorber, and also a significant increase between 400 nm and 450 nm. This strongly suggests that 1 binds to DNA after UV irradiation at pH 6, but virtually no binding occurs at any of the other combinations of pH and UV dose.
In order to support this notion, flow oriented linear dichroism (LD) measurements 28 of 1 + CT DNA at pH 7 and 6 were undertaken. Here, the DNA molecules are aligned in a shear flow, so that any LD signal originating from 1 is a manifestation of DNA-binding. Fig. 3 shows the LD spectra of equimolar samples of 1 at pH 7 (blue line) and 6 (red line) after 10 min UV irradiation in the presence of DNA. The negative LD signals indicate binding by intercalation between the DNA-bases. Furthermore, the reduced LD (LD/Abs) can be used to determine the angle between the transition moment of the DNA-binding molecule and the DNA helix axis. Here, the angle between the transition of DNA-bound 1 centered around 431 nm (vide infra) and the helix axis is 75 AE 51, which confirms the notion of intercalation being the binding mode. 25, 29, 30 The amplitude of the LD signal is proportional to the amount of DNA-bound 1, provided a uniform binding geometry. Here, the LD signal is increased by a factor of B20 on going from pH 7 to pH 6. The decrease in absorption at 515 nm upon addition of DNA (see Fig. 2b and d) is another measure of the amount of DNA-bound 1, and it is encouraging to note that the absorption change is amplified by a factor of B25 at pH 6 compared to pH 7, i.e., there is a very good quantitative agreement between the absorption and the LD measurements. Furthermore, subtracting the contribution from the unbound forms of 1 from the absorption spectrum of 1 + DNA after UV irradiation at pH 6, shown as the red line in Fig. 2d , yields a spectrum with absorption maximum at 431 nm that virtually coincides with the LD spectrum (see inset in Fig. 3 ). These results strongly suggest that 1oH + is the DNAbinding species, as the spectrum of the DNA-binding form is red shifted ca. 14 nm compared to 1oH + in solution, which is a typical observation for DNA intercalating dyes. Furthermore, it is well established that protonation facilitates DNA-binding, as the extra positive charge increases the electrostatic attraction to the negatively charged DNA phosphate backbone. 1oH + is not thermally interconverted to any of the other two forms, ). In (d), it is clearly seen that the spectral changes upon addition of DNA are dramatic at pH 6 after UV irradiation, while no or only minor changes are observed for all other combinations of pH and UV dose. The contributions from DNA absorption have been subtracted for ease of comparison. The concentrations of 1 and DNA were ca. 20 mM and 110 mM, respectively, and the NaCl concentrations of the solutions were 10 mM. Note that different y-axis scales have been used for the top and the bottom rows in order to better visualize the effect of DNA on the absorption spectra of the open forms 1o and 1oH + which were not formed in the absence of UV exposure (a and c).
which implies that once 1 has been activated to the DNAbinding form, it is not deactivated unless external stimuli is applied. Light exposure is such a stimuli (cf. Scheme 1), and it is encouraging to see that the DNA-binding process is fully reversible using visible light irradiation to trigger the dissociation (see the ESIw). Inspection of the changes in absorption of 1 upon addition of DNA shown in Fig. 2 makes it possible to estimate the DNA-binding constant for 1oH
+ (see the ESIw for details). This pH-independent microscopic binding constant was determined to 2.9 Â 10 5 M
À1
. The corresponding macroscopic binding constant for 1, however, is dependent on pH and UV dose. The resulting numbers for the four applied UV and pH situations are collected in Table 1. The table is outlined according to the truth table for a Boolean logic gate with two binary inputs and one binary output. The variation of the binding constant with input combinations observed in Table 1 is referred to as logic AND gate behavior, i.e., both the UV input and the H + input must be applied (set to 1) in order to observe a high output signal, here represented by a high binding constant. All other input combinations yield a low output.
The pH value may differ substantially between different types of tumors. Hence, it would be of high utility to be able to control the pH at which the drug is being protonated, i.e., by fine-tuning the pK a -value, to differentiate between normal cells and cancer cells. The pK a -value of the phenolate oxygen of spiropyran photoswitches depends on the electron withdrawing properties of the group in para-position, which allows for flexibility in the design of tailor-made, pH sensitive, compounds. Efforts along these lines are undertaken in our laboratory.
In summary, we have presented a proof-of-principle study on a dually activated spiropyran derivative for pH-and light-controlled DNA-binding. The drug is only activated in the simultaneous events of UV exposure and a high local concentration of protons. We envision that the application of two complementary inputs-photonic and chemical-will have significant implications for general studies in this area, as the molecule is able to feel its chemical environment for sensory decision-making but must also be externally triggered using light. Notes and references Fig. 3 Flow oriented LD spectra on samples of 1 and CT DNA after 10 min UV irradiation at pH 7 (blue line) and at pH 6 (red line). The amplitude of the LD signal is ca. 20 times higher at pH 6 compared to pH 7. The inset shows the good agreement between the LD spectrum at pH 6 (red line) and the absorption spectrum of DNA-bound 1oH + (green line). The negative absorption spectrum is shown for ease of comparison. The concentrations of 1 and DNA were ca. 50 mM and 90 mM, respectively, and the NaCl concentrations of the solutions were 10 mM. 
